ABSTRACT The aim of this work was to study the effects of spontaneous hyperphagia on the evolution of intestinal microbiota and body compartments in old goose. From October 25th to November 26th, 5-yr-old breeding Greylag Landaise geese (106 males and 106 females) were fed with grass during 1 mo (G period). From November 26th (0 d) the birds had ad libitum access to pellets (AMEn: 10.5 MJ/kg, CP: 18.9 g/kg; spontaneous fattening (SF) period). Some birds were killed at -31 d (n = 24; 50/50 sex ratio), 0 d (n = 48), 14 (n = 46), 22 d (n = 46), and 70 d (n = 48) after the start of G period to measure body traits. For microbial analysis, 10 of the samples per sex at 0 d, 14 d, and 70 d were selected to be representative of body traits. Between 0 and 22 d, liver weight increased from 98 g to 194 g in males and from 89 g to 199 g in females (P < 0.001). Liver weight decreased between 22 and 70 d from 194 to 174 g in males and from 199 to 163 g in females (P < 0.001). Irrespective of the diet (G or SF period) and the sex of the bird, the two major phyla were Proteobacteria (49%) and Firmicutes (48%). Bacteroidetes represented around 3.0% of the sequences. At order level, Firmicutes were dominated by Clostridiales (33% of total sequences) and Lactobacillales (13% of total sequences) and Proteobacteria were dominated by Campylobacteriales (34% of total sequences). Finally, Bacteroidetes were dominated by Bacteroidales. SF and sex did not change the microbial diversity but sparse partial least squares discriminant analysis allowed us to highlight discriminant operational taxonomic unit between experimental groups. In conclusion, our result showed that changes in the body compartments of old geese during spontaneous hyperphagia depend on the sex of the birds, but not so much in gut microbial composition. Further investigations are necessary to understand the functional microbiota and highlight the role of gut microbiota in hepatic steatosis induced with hyperphagia in geese.
INTRODUCTION
Probably linked to the migratory behavior of their ancestors, which had the natural ability to overconsume food to store energy before long migrations (Odum, 1960) , waterfowl have the ability to overfeed spontaneously and store energy, essentially in the form of lipids (Odum and Connell, 1956; Bairlein and Gwinner, 1994) in the adipose tissue and liver (Pond, 1978; Guy et al., 2013; Fernandez et al., 2016) . The fatty liver (foie gras) production system is based on this spontaneous ability and producers have developed specific feeding programs to take advantage of this natural phenomenon (Guémené and Guy, 2004; Arroyo et al., 2012a,b) . However, overfeeding is controversial in society. There is a widespread lack of understanding 2015) and it is a good model of spontaneous fattening, as it has a great ingestion capacity and a good predisposition for hepatic steatosis (Davail et al., 2000; Baéza et al., 2013) .
Previous studies have shown that hyperphagia and spontaneous fattening, with an increase in liver weight from around 90 to 500 g, can be naturally induced in male Greylag Landaise geese fed corn ad libitum for 12 to 13 wk during the winter season after a feed restriction period (Guy et al., 2013; Fernandez et al., 2016) . The variability in the response to spontaneous steatosis in terms of liver weight remains very high, however, and can be explained by individual behavior, food consumed during the hyperphagia period, or other factors such as microbiota that could influence the subsequent lipid metabolism. Indeed, in mice, it has been shown that imbalances in gut microbiota, called dysbiosis, are associated with obese phenotypes (Ley et al., 2005) . The implication of microbiota in the development of non-alcoholic fatty liver diseases in mice has also been evidenced (Le Roy et al., 2013 ). Previous studies have described microbiota diversity in ducks (Vasaï et al., 2014a,b) and geese (Liu et al., 2016; Yang et al., 2016) , and the involvement of some taxa in the regulation of the hepatic metabolism during overfeeding has been highlighted (Liu et al., 2016) . Furthermore, previous studies on ducks have correlated the ability of ducks to trigger a hepatic steatosis and microbiota diversity according to the genetic type (Vasaï et al., 2014a,b) .
Next, all studies on hyperphagia and spontaneous fattening have used only male geese. Although a higher growth rate and an earlier age at sexual maturity are observed in goose females (Guy et al., 1998) . Thus, it seems interesting to compare the evolution of body compartments during hyperphagia in both sexes and link with intestinal microbiota composition.
Therefore, the aim of this work was to study the evolution of the sexual dimorphism of intestinal microbiota during a spontaneous hyperphagia induced by a switch from low energy diet (grass) to palatable energy-rich complete diet in 5-yr Greylag goose.
MATERIAL AND METHODS
The present study was performed in agreement with the French National Regulations for human care and use of animals for research purposes. Greylag geese (Anser anser; line Maxipalm) were bred at the Station d'expérimentation appliquée et de démonstration sur l'oie et le canard (Coulaures, Dordogne, France) , which has experimental approval A24-137-1. Its technical staff and scientists have personal authorizations to conduct animal experimentations in accordance with good animal practice delivered by the DDCSPP (Departmental Direction of Social Cohesion and Protection of Populations) . In this experiment, all birds were killed in line with the European Council regulations (European Council, 2009). 
Birds and Feeding Programs
A total of 212 5-yr-old breeding geese were used during this experiment and divided in two equal experimental sub-groups according to the sex of the birds. Before the start of the experiment, the birds were reared according to standard practice for breeders (Sauveur et al., 1988) .
Environmental conditions such as photoperiods are important factors in stimulating the pre-migratory response of birds (Raveling, 1979; Bairlein and Gwinner, 1994) . In order to stimulate a good fattening process, this experiment was begun on October 25th (-31d). From October 25th to November 26th (G period), as geese are herbivorous (Mattocks, 1971) , the birds only had access to two grasslands (4,650 and 4,350 m 2 ), and no supplementary feed was provided. After the G period, from November 27th (0 d) to February 4th came a 70-d spontaneous fattening (SF) period, in which access to grass was prohibited and the birds only had access to palatable food in the form of pellets (AMEn: 10.5 MJ/kg, CP: 18.9 g/kg; Table 1) manufactured by Sanders Périgord (Boulazac, Dordogne, France).
Measurements and Sampling
The temperatures in the building and outside were registered every 30 min throughout the entire Figure 1 . Evolution of pellet feed intake and temperature during the experiment. G period: birds only had access to grassland; SF period: spontaneous fattening (SF) period, birds only had access to palatable food in the form of pellets. experimentation and were averaged over the week. In the same way, the feed intake of the group during the SF period was registered weekly by deducting the refusals of the distributed quantity (Figure 1 ).
Before each slaughtering date, the LW (live weight) of the birds was registered. The birds used for each slaughter were chosen according to their LW so as to be representative of the LW variability within the sex. Twenty-four birds were killed before the G period (-31-d group), 48 birds were killed before the SF period (0-d group), 46 birds were killed at 14 and 22 d after the start of the SF period (14-d and 22-d group), and finally the 48 remaining birds were killed at the end of the SF period (70-d group).
Before each slaughter because crop volume is a good indication of birds' ingestion capacity, the crop volume was measured in vivo as described by Arroyo et al. (2015 Arroyo et al. ( , 2017 . In brief, an inflatable balloon was gently introduced into the esophagus and inflated to a constant pressure (70 mm Hg). The volume of air introduced was measured by displacement of a water column.
At each slaughtering date, the birds were killed by electrical stunning followed by an exsanguination through a ventral cut of the neck blood vessels. Before and after plucking the carcasses were weighed and then eviscerated. The liver and abdominal fat were carefully removed and weighted. Immediately after evisceration, a minimum of 500 mg of ileal content was sampled per bird in the selected group by posterior towards anterior pressure on the anterior part of the ileum, and stored at −80
• C until further analyses. After the chilling of the carcass, it was dissected; the Pectoralis major muscle and subcutaneous fat with skin of the breast (SFwS) were weighed. All data concerning LW and body traits were acquired using PRECISA CR200 BS 30 kg/1 g n • 01F716795 scales provided by Combeau Ent (Périgueux, Dordogne, France). For microbial analysis, 10 out of 24 samples per sex in the 0-d group and 10 out of 23 samples per sex in the 14-d group were selected to be representative of body traits. In the same way, 10 out of 24 samples per sex in the 70-d group were selected to be representative of the SF period of the birds.
DNA Extraction and High-Throughput Sequencing
Total genomic DNA from the 60 selected ileal samples was extracted, combining mechanical, chemical, and thermic lysis with an Ultra Turrax Digital Homogenizer (IKA T-25, Fisher Scientific, Illkirch, France) and the QIAamp Fast DNA Stool Mini Kit (Qiagen Gmbh, Hilden, Germany), according to the manufacturer's instructions with 220 mg of ileal content as starting material and a lysis temperature of 95
• C. DNA samples were eluted with 50 μl of ATE buffer (Qiagen) and stored at -20
• C until further analysis. The quantity and quality of DNA extracts were measured with a NanoVue Plus Spectrophotometer (GE Healthcare, Vélizy-Villacoublay, France).
For the 16S rRNA gene sequencing, the protocol provided by the genomic platform INRA GeT-PlaGe (GeT-PlaGe Genomics Facility, Castanet-Tolosan, France) was used. In brief, a first PCR amplification was performed in the laboratory on the 16S rRNA genes according to the method described by Lluch et al. (2015) . Amplicons from the V3-V4 regions of 16SrRNA genes were generated using bacterial forward 5 CTTTCCCTACACGACGCTCTTCCGATCTACG-GRAGGCAGCAG and reverse 5 GGAGTTCA-GACGTGTGCTCTTCCGATCTTACCAGGGTATC-TAATCCT primers. The preparation of amplicons was performed in a total volume of 50 μL containing 2.5 U TAQ Polymerase and adequate 10× PCR buffer (MTP Taq DNA Polymerase, Sigma), 200 μM of dNTP (Sigma), 0.2 μM of each primer and 2 μL of DNA template. The amplification program consisted in an initial denaturation step at 94
• C for 1 min followed by 32 amplification cycles composed of alternately 1 min of denaturation at 94
• C, 1 min of annealing at 63
• C, and 1 min of elongation at 72
• C for 1 min. A final extension step at 72
• C for 10 min was made. The quality of the PCR products was controlled by electrophoresis.
The amplicons were then sent to the genomic platform INRA GeT-PlaGe (GeT-PlaGe Genomics Facility, Castanet-Tolosan, France) for sequencing. In brief, the amplicons of the first PCR were purified using the magnetic beads Agencourt AMPure XP-PCR Purification (Beckman Coulter, Brea, CA, United States of America) following the 96 well format procedure, modified using a beads/PCR reactional volume ratio of 0.8× and a final elution volume of 32 μL using Elution Buffer EB (Qiagen). The concentration of the purified amplicons was controlled using Nanodrop 8000 spectrophotometry (Thermo Scientific, Waltham, Massachusetts, United States of America). Single multiplexing was performed using homemade 6 bp indexes, which were added to the reverse primer during a second PCR with 12 cycles using the forward primer AATGATACGGCGACCACCGAGATCTA-CACTCTTTCCCTACACGAC and the reverse primer CAAGCAGAAGACGGCATACGAGATGTGACTG-GAGTTCAGACGTGT. The resulting PCR products were purified and loaded onto the Illumina MiSeq (Illumina Inc., San Diego, California, United States of America) cartridge according to the manufacturer's instructions for sequencing. The quality of the run was checked internally using PhiX control (Illumina), and each pair-end sequence was assigned to its sample with the help of the previously integrated index. A FASTA file for each sample was produced for the sequence analyses.
Sequencing Analysis
All software for analysis of sequenced data was used in the FROGS pipeline developed by the French National Institute of Agricultural Research (Escudié et al., 2018) . The first sequences were denoised using flash 1.2.11 and Cutadapt 1.7.1 tools (Magoč and Salzberg, 2011; Martin, 2011) . Only sequences with sizes between 380 and 480 bp, without ambiguous bases and with the two primers (5 primer ACGGGAGGCAGCAG and 3 primer AGGATTAGATACCCTGGA) were kept. Secondly, the sequences were clustered with Swarm 2.0 (Mahé et al., 2014) in two steps, as recommended by Escudié et al. (2018) . Then, PCR chimeras were removed using VChime of the Vsearch package (Rognes et al., 2016) . Next, the remaining clusters were filtered. Only clusters present in at least two samples and with abundances greater than 0.005% of total sequences (Bokulich et al., 2013) were kept. Finally, taxonomic affiliation for each operational taxonomic unit (OTU) was obtained thanks to blastn+ (Camacho et al., 2009 ) by blasting the sequences on the Silva128 database (Quast et al., 2012) .
Statistical Analysis
Evolution of Body Compartments Geese performance data were analyzed using the GLM procedure of IBM SPSS Statistics 22 for Windows (version 22.0, Chicago, IL, United States of America), using the following equation:
where Y is the dependent variable; μ the overall mean; S i the effect of sex (two levels: male and female); Aj the effect of stage (five levels: −31, 0, 14, 22, and 70 d); (S i × A j ) the interaction between sex and stage; and ε ij the error. When significant, differences between treatments were compared using Bonferroni's test. Differences were treated as significant when P ≤ 0.05.
Intestinal Microbiota From the 60 ileal samples, eight samples had been eliminated after poor-quality sequencing results. Five samples belonged to the group before the SF period (0 d), one sample was from the 14 d males, and finally two samples were from the 70 d females (Table 3) . The values given in the text are expressed as means ± SEM. Statistical analyses were performed using R software version 3.3.1 (Team RC, 2014) . Microbial OTU table analyses were performed with the PhyloSeq package (McMurdie and Holmes, 2013) in order to determine alpha-diversity (Chao1 richness and Shannon diversity). Beta-diversity was determined using an nMDS analysis with the Bray-Curtis distance method (Beals, 1984) . A sparse partial least squares discriminant analysis (sPLS-DA) was performed to determine the most discriminant OTU using the MixOmics package (Lê Cao et al., 2011) . CSS Normalization with log transformation of the OTU table was performed before discriminant analysis. A s PLS (A Sparse Partial Least) analysis was also performed to determinate the correlation between relative abundance of OTU and zootechnical results using the mixOmics package (Lê Cao et al., 2011) . For taxonomic relative abundances the statistical analysis also included a false discovery rate analysis with the Benjamini Hochberg correction (Benjamini and Hochberg, 1995) . 
RESULTS

Geese Performances
During the G period the outdoor temperature declined from 16 to 10
• C, and from 12 to 2 • C during the SF period. Feed intakes during the SF period were between 382 and 466 g/goose during the five first weeks of the SF period and declined to 375 g/goose at the end of this period (Figure 1) .
Before the experiment (-31 d), the male geese were heavier than the females (6,495 g vs. 5,889 g; P < 0.001; Table 2 ). This difference was observed all along the experiment: +10.6%, +10.7%, +9.2%, and +14% at 0, 14, 22 and 70 d, respectively (P < 0.001, Table 2 ).
During the G period (-31 to 0 d), LW decreased significantly in both males and females (P < 0.001), from 6,495 to 4,755 g in males and 5,859 to 4,300 g in females.
The relative weight of Pectoralis major was similar (P > 0.05) but SFwS and abdominal fat relative weights decreased (P < 0.05, Table 2 ), by -0.63 pt in males and by -1.05 pt in females for SFwS and by -1.62 pt in males and by -1.95 pt in females for abdominal fat, respectively.
Next, LW increased both in males and females during the SF period, from 4,755 to 8,074 g in males (P < 0.001) and from 4,300 to 7,078 g in females at the end of the SF period (P < 0.001). This weight gain was particularly sharp during the first 14 d of the SF period (+26.7%; Table 2 ).
The LW gain during the first 22 d of the SF period was explained by fat gain, but also weight gains in the Pectoralis major muscle and the liver. Indeed, relative abdominal fat weight increased by 1.18 pt in males (P < 0.05) and by 1.59 pt in females (P < 0.05), and SFwS relative weight increased by 1.27 pt in males (P < 0.05) and by 0.65 pt in females (P < 0.05). In the same way, the relative weight of Pectoralis major increased by 1.14pt in males (P < 0.05) and 1.07 in females (P < 0.05). Finally, the liver weight ratio increased by 0.89 and 1.22 pts, respectively, in males and females (P < 0.05). At +22 d, LW gain was only associated to body fat gain ( Table 2) .
As described above, adipose tissues were particularly impacted during the experiment. Indeed, although the females had more abdominal fat than the males before the experiment (abdominal fat weight represented 2.18% of LW in males vs. 2.92% of LW in females at -31 d; P < 0.05), adipose tissue weight loss was extensive in both males and females and no difference was observed between them at the end of the G period. Then during the SF period, the female geese again had more abdominal fat than the males during the first 22 d of the SF period (abdominal fat weight represented 1.74% of LW in males vs. 2.56% of LW in females at 22 d). However, at the end of the SF period (70 d), no difference in abdominal fat weight was observed according to the sex of the birds. Concerning SFwS, the observations according to the sex of the animals were the same as for abdominal fat at -31, 0, 22, and 70 d.
Concerning the liver weight, the males had a higher liver weight than the females before the experiment (124 g vs. 95 g; P < 0.05). The G period induced a liver weight loss in the male geese (from 124 g to 98 g; P < 0.05) but not in the females (92 g, P > 0.05, Table 2 ). Then, during the SF period, no difference was observed between males and females concerning liver weight. In fact, liver weight increased during the SF period in both males and females during the first 22 d of this period (from 98 g to 194 g in males and from 89 g to 199 g in females; P < 0.001). Finally, liver weight decreased between 22 and 70 d of the SF period in both males and females (from 194 g to 174 g in males and from 199 g to 163 g in females; P < 0.05).
At the beginning of the experimentation, there was no difference in the size of the crop between the males and the females (65.5 mL/kg of LW; P > 0.05). During the G period, the size of the crop increases in both males and females (from 60.1 mL/kg to 88.3 mL/kg of LW in males and from 71.0 mL/kg to 106.7 mL/kg of LW in females; P < 0.05). At the end of this period, females had a larger crop volume than males (88.3 mL/kg of LW vs. 106.7 mL/kg of LW; P < 0.001, Table 2 ). Then, during the SF period, the crop volume decreased both in males and females (from 88.3 mL/kg to 50.4 mL/kg of LW in males and from 106.7 mL/kg to 54.6 mL/kg of LW in females; P < 0.05). Next, at +14 d, there was no longer any difference in the size of the crop between males and females. Moreover, among females, the crop volume at the end of the SF period was inferior to the crop volume before the experiment (71.0 mL/kg at -31 d vs. 54.6 mL/kg at +70d; P < 0.05, Table 2 ).
Gut Microbial Community
A total of 1,992,887 16 s RNA sequences were obtained from the MiSeq sequencing for the 52 samples representing 38,324 ± 1,508 sequences per sample. After pre-processing with FROGS software, a total of 1,712,132 sequences were kept. The sequences were then clustered in 210,177 clusters using Swarm 2.0. After the suppression of the PCR chimeras, the clusters present in less than two samples as well as the clusters representing less than 0.005% of total sequences, 271 clusters were kept. Thus, the 271 remaining clusters or OTU represented 274,789 ± 1,189 sequences per sample and 72.5% of total sequences. Finally, 10 Phyla, 100 genera, and 271 species were detected in all goose samples independently of diet and sex. Then, 94 ± 6 OTU were observed per sample. The chao1 index was 112 ± 6 OTU per sample, whereas the Shannon index was 1.57 ± 0.10 regardless of the experimental group.
The two major phyla, regardless of the experimental group, were Proteobacteria (48.6% ± 4.5%) and Firmicutes (47.9% ± 4.4%). Bacteroidetes represented around 3.0% ± 0.8% of the sequences. Finally, other Phyla such as Fusobacteria, Actinobacteria, or Cyanobacteria represented less than 0.4% of the sequences in geese (Table 3) . At order level, Firmicutes were dominated by Clostridiales and Lactobacillales (33.3% ± 3.9% and 12.9% ± 3.1%, respectively) and Proteobacteria were dominated by Campylobacteriales (34.3% ± 4.7%), Burkholderiales (6.9% ± 1.5%), Sphingomonadales (3.8% ± 0.9%) and Enterobacteriales (2.7% ± 1.0%). Finally, Bacteroidetes were dominated by Bacteroidales with 3.0% ± 0.8% of total microbial sequences (Table 3) .
At genus level, the most abundant genus in Proteobacteria was Helicobacter (33.8% ± 4.6%). In Firmicutes, Rombutsia (22.7% ± 3.3%) was the most abundant genus. Other genera in Proteobacteria such as Ralstonia (5.9% ± 1.3%) and Sphingomonas (3.8 ± 0.9%) were less abundant, as was Lactobacillus (6.5% ± 2.3%) in Firmicutes.
Effect of Feed Change and Sex of Birds on Gut Microbial Communities
No effect of sex, diet, or interaction between the two was observed on microbiota composition, alpha diversity, and Firmicutes/Bacteroidetes ratio (P > 0.05). It should be noted that OTU 295 close to the Clostridiales order was specific to females regardless of the stage or diet of birds. However, this OTU was largely minor and represented around 0.005% of total sequences. In the same way, OTU 184 close to the Eisenbergiella genus was specific to the SF period regardless of the sex of birds. However, this OTU was minor and represented around 0.006% of total sequences. A first sPLS-DA to highlight the most discriminated OTU was performed between the sixth experimental modalities (three stages or diet in both sexes; Figure 2 ). The separation between these groups was unclear. The cutoff used was lowered to 0.85 to highlight discriminant OTU. OTU 66 affiliated to Lachnoclostridium spp. (99.75% of Blast identity) and OTU 144 affiliated to Intestinimonas spp (99.26% on Blast identity) were identified as the most discriminant OTU. These two OTU were discriminant for females at 0 d according to the second explanatory variable and they represented, respectively, 0.053% ± 0.024% and 0.033% ± 0.014% of total bacteria. No statistical impact of this genus on the birds' performance was detected. Moreover, no statistical difference in relative abundance of this genus was detected between these groups.
A second sPLS-DA was performed between the three slaughtering dates regardless of the sex of the animal (Figure 3) . Again, the separation between the three groups was unclear. The cutoff used was lowered to 0.80 to highlight discriminant OTU. As previously, OTU 66 affiliated to Lachnoclostridium spp. (99.75% of Blast identity) and OTU 144 affiliated to Intestinimonas spp (99.26% on Blast identity) were the most discriminant OTU according to the second explanatory variable, for the 0-d group. Moreover, OTU 80, affiliated to Pasteurella langaaensis (100% of Blast identity) was highlighted as discriminant according to the first explanatory variable for the 14-d group. However, Pasteurella langaaensis represented 0.087% ± 0.080% of the total bacterial sequences. Again, no statistical difference in relative abundance of this species was detected between these groups and no effect of this species was correlated to changes in the birds' performances. Finally, the 70d group is less dispersed than the other experimental groups.
Next, a third sPLS-DA was performed between the male and female birds regardless of the sampling date (Figure 4) . Again, the separation between the two sexes was unclear. The cutoff used was lowered to 0.80 to highlight discriminant OTU. As previously, OTU 66 affiliated to Lachnoclostridium spp. (99.75% of Blast identity) was the only OTU described as discriminant for the female group according to the second explanatory variable.
We studied the relationship between the zootechnical parameters and the OTU profile of the microbiota by s PLS, which was performed between the OTU table and the zootechnical results regardless of the sex and stage/diet ( Figure 5 ). As expected, the zootechnical parameters (LW, fat, and liver weight) were positively correlated together. sPLS analysis allowed us to negatively correlate the zootechnical results to more than 20 OTU belong to Firmicutes (19 OTU) and Bacteroidetes (6 OTU). The biggest family was the Ruminococcaceae family (16 OTU) and the Lachnospiraceae family (2 OTU) in Firmicutes; whereas the Prevotellaceae family (4 OTU) was dominant in Bacteroidetes.
On the other hand, crop volume was not correlated with other zootechnical factors. This parameter was correlated to Proteobacteria (4 OTU belong to the Pasteurellaceae family and two from Moraxellaceae); Firmicutes (5 OTU belong to the Streptococcaceae family) and Actinobacteria (2 OTU belong to the Micrococcaceae family). Conversely, crop volume was negatively correlated to Bacteroidetes (4 OTU belong to the Prevotellaceae family), with 2 OTU close to Firmicutes (Clostridiaceae and Veillenellaceae families) and 3 OTU close to Proteobacteria (2 OTU close to the Desulfovibrionaceae family and 1 to the Burkholderiales order).
DISCUSSION
The aim of this work was to study the effects of spontaneous hyperphagia on the evolution of the sexual dimorphism of intestinal microbiota and body compartments in the Greylag goose. Body compartments were analyzed to identify differences in bird performance and, for the first time, high-throughput sequencing was used to identify differences in microbiota diversity regarding the sex of geese and under spontaneous hyperphagia.
In our system, unlike Guy et al. (2013) and Fernandez et al. (2016) who used geese at the end of their growth period, feed restriction and an artificial light program to obtain spontaneous hyperphagia, we chose to get as close as possible to the natural condition of wild geese. We submitted 5-yr geese with low temperatures and short photoperiods during few months to induce hyperphagia. Finally, the geese were fed only grass and then a high energy pelleted diet.
Geese Performance
As previously described in Greylag geese by Guy et al. (1998) , we observed a sexual dimorphism of the body traits. Because geese are herbivorous birds (Mattocks, 1971 ), only grass-based feeding was possible during the G period. However, the change between a complete diet and a diet composed only of grass causes the birds to draw on their fat reservoir, namely the adipose tissues and the liver. Moreover, a diet composed essentially of cellulose enables the ingestion capacity to develop as showed by the increase in the volume of crop during the G period and therefore enables preparation of the animals for hyperphagia. In fact, in goose foie gras production, because the goose crop is not an anatomically differentiated organ (Sturkie, 1986) , a specific feeding program using restricted access to feed during the finishing period (Guémené and Guy, 2004) or more recently using raw material with high swelling capacity (Arroyo et al., 2015 (Arroyo et al., , 2017 can be used to anatomically prepare geese for the overfeeding period. In our system based on the natural cycle, a 1-mo period of access to grass achieves this goal. During the SF period, to stimulate hyperphagia we used palatable food in the form of pellets. In fact, during the breeding period, goose intake in the form of pellets only (Sauveur et al., 1988 and Arroyo et al., 2012a) showed that various sensory and physico-chemical characteristics of food, such as color, texture, particle size, water retention, nutrient composition, and nature of the starch can influence the intake of birds. The nutritional needs of adult geese are met with intake of 300 g of pellet diet/day/goose when diet contain 10.5 MJ/kg and 18.9 g DP/kg. Thus, in our experiment, a consumption of over 400 g/day/goose for 7 wk could be called hyperphagia. This high energy intake explains the LW gain we observed during the SF period.
Fernandez et al. (2016) showed a high correlation between feed intake over the first 3 wk of hyperphagia and liver weight after 12 wk of SF. In our experiment, we maintained the bird feed intake between 382 and 466 g/goose during the first 7 wk of the SF period but the average liver weight was lower than that observed in previous studies using corn to stimulate hyperphagia (199 g vs. 514 g; Guy et al., 2013) . These differences can be explained by the difference in composition between complete pellets and corn. Despite the high feed intake, the pellet used was less energy-rich and contained more proteins than the corn used by Guy et al. (2013) or during overfeeding (AMEn: 10.5 vs. 13.0 MJ/kg and CP: 18.9 vs. 8.1 g/kg). Such differences may also explain the greater increase in Pectoralis major during the SF period in our system (415 vs. 324 g; Fernandez et al., 2016) . On the other hand, corn has a high level of starch but a poor level of choline (Sauvant et al., 2004) , which is known to reduce the exportation of lipids from the liver to the peripheral tissues (Hermier et al., 1999) . This would explain that in our experiment, the fat gain is mainly located in the peripheral tissues rather than in the liver.
Core Microbiota
Firstly, Firmicutes and Proteobacteria are the two dominant phyla regardless of the sex of the bird and diet, as previously described in mule (Cairina moschata × Anas platyrhynchos) and Muscovy (Cairina moschata) ducks, in Canadian (Branta canadensis) and Greylag (Anser anser) geese (Lu et al., 2009; Vasaï et al., 2014a,b; Best et al., 2016; Liu et al., 2016) . However, Firmicutes is usually the dominant phylum followed by Proteobacteria in birds, which it is not the case in our study where Proteobacteria dominate. Interestingly, in Pekin ducks, intestinal microbiota is dominated by Firmicutes and Bacteroidetes as well in chickens. In Pekin ducks, lipid storage capacity in the liver is lower than in Muscovy and mule ducks, with a higher storage in peripherical tissues (Davail et al., 2000; Chartrin et al., 2006) . This suggests that differences in microbiota diversity can be correlated with hepatic steatosis capacity.
Furthermore, Firmicutes is dominated by the Clostridiales order in this study, in line with previous studies on mule and Muscovy ducks and geese (Vasaï et al., 2014a,b; Wang et al., 2016; Yang et al., 2016) , but in contrast to those on chickens and Pekin ducks (Anas platyrhynchos) where the Lactobacilalles order is dominant.
Interestingly, we can correlate the Clostridiales/Lactobacillales ratio with the ability to trigger hepatic steatosis under overfeeding conditions. Indeed, it is very well known that in overfed Pekin ducks lipids are preferentially stored in peripheral tissues than in the liver (Davail et al., 2003; Chartrin et al., 2006; Tavernier et al., 2017) , which is quite interesting given the fact that it is the only intestinal microbiota duck studied that does not show a high abundance of Clostridiales before the overfeeding period.
Regarding Proteobacteria, the dominant orders are Campylobacteriales, Burkolderiales, and Sphingomonales, while Enterobacteriales and Burkholderiales are more usually detected in ducks (Vasaï et al., 2014b; Liu et al., 2016; Wang et al., 2016) . However, diet, age, and environment can play an important role in microbial diversity, partially explaining differences .
The idea of a core microbiota (bacterial taxa identified in all samples regardless of the diet and environment) being responsive for the functionality of gastrointestinal tract microbiota was proposed recently (Hird et al., 2015; Grond, 2017) . Furthermore, in our study, the birds were 5-yr old, which is older than in previous works. Indeed, the stability in microbiota diversity in aged animals (birds and mammals) can partially explain the absence of differences regarding the sex of birds and diet. It is generally accepted that gut microbiota is less stable during the earlier stages of life (Rodríguez et al., 2015) . Odamaki et al. (2016) highlighted specific childhood OTU in opposition to adulthood OTU. Moreover, in wild birds and chickens, the intestinal microbiota is generally closer between adults than between adults and chicks, implying microbiote stability in adulthood (van Dongen et al., 2013; Barbosa et al., 2016; Cui et al., 2017) . Furthermore, in different genetic types of ducks, Rey et al. (2015) showed that the diversity of intestinal microbiota is unstable at young ages showing strong variations post hatching. Additionally, in the same study, Rey et al. (2015) showed that the relative abundance of major bacterial groups was similar to that in previous works (Vasaï et al., 2014a,b) at older stage.
Some OTU close to the Ruminococcaceae and Lachnospiraceae families, negatively correlated to zootechnical performance, have been identified in previous works, as being enriched in cecal content of chickens with good FCR (food conversion ratio) and increased body weight (Stanley et al., 2016; Crisol-Martínez et al., 2017) . More analyses are needed to better understand the role of these bacterial groups. Indeed, the Ruminococcaceae and Lachnospiraceae families were related to vegetable fermentation (Biddle et al., 2013 ) that took place in ceca in chickens.
Furthermore, studies on the gender effect on microbiota diversity are rare and contradictory. It has been demonstrated in humans that men have a lower abundance of Bacteroidetes than women (Haro et al., 2016) . In mice, Sheng et al. (2017) also show a higher abundance of the Bacteroidaceae and Lactobacillaceae families. In poultry, gender influences microbiota composition, particularly the Lactobacillus genus (Zhao et al., 2013) . However, Best et al. (2016) did not find any differences in microbiota composition between male and female ducks (Anas platyrhynchos). According to this work, in our study, no statistical difference was observed according to the sex of animal.
Previous works on geese and ducks have shown an increase in relative abundance of the Lactobacillus genus after the overfeeding period and high storage of fat in the liver correlated with the high level of corn in the diet, as previously described in other animals (Nakamura, 1981; Wang et al., 2002; Regmi et al., 2011; Gänzle and Follador, 2012) . In this study, the diet used during the SF period was a complete feed rich in energy and protein but with a moderate content in starch (35% vs. 64% in corn grain; Sauvant et al., 2004) . This difference can explain the absence of an increase in the abundance of the Lactobacillus genus, which is particularly adapted to the fermentation of starch-rich substrates (Gänzle and Follador, 2012) such as corn used during overfeeding. Moreover, the microbiota can have a significant impact on the metabolism of choline and thus indirectly on the orientation of lipid storage (Aktas et al., 2010; Spencer et al., 2011) . The higher intake of choline, up to six times higher in geese fed the pellets in the present study than corn during overfeeding, could cancel out the potential effect of microbiota on choline metabolism.
Finally, our result showed deep changes in the body compartments of 5-yr geese during spontaneous hyperphagia induced by a switch from low energy diet (grass) to palatable energy-rich complete diet. Further investigations are necessary to understand the functional microbiota in geese and its influence in hepatic steatosis.
